INTRODUCTION
The sugarcane borer, Diatraea saccharalis (Fabricius) (Lepidoptera: Crambidae), is dispersed across most of South America, Central America, the Caribbean, and the southern USA, infesting a variety of plants including sugarcane, sorghum, maize, wheat, rice and a variety of weeds such as Johnsongrass (Sorghum halepense). In Argentina, D. saccharalis is one of the main insect pests infesting maize.
1,2 Direct damage to maize plants occurs as larvae feed on the leaves and bore into the stem, tunneling and therefore reducing the physical strength of the stalk, which may result in lodging. The mechanical damage to maize stems caused by stalk borers also causes significant disruption of normal plant physiology, including effects on transport and use of nutrients and water. 3 Collectively, the damage caused by D. saccharalis to maize plants results in reduced yield potential, broken stalks, and dropped ears. 4, 5 Later maize plantings, particularly double-cropped maize, are likely to present more severe damage inflicted by D. saccharalis. 6 As a consequence of the tunneling behavior of this pest, controlling it through insecticidal sprays is challenging 7 and frequently ineffective, primarily given the short period between the beginning of the chemical treatment and the moment when the larvae are protected within the maize stem. [8] [9] [10] Consequently, the use of maize plants expressing insecticidal proteins from the soil bacterium Bacillus thuringiensis (Bt) was recognized as an effective strategy to manage stalk-boring lepidopteran pests. 11, 12 Since 1998, several Bt maize events have been approved for cultivation in Argentina, including Bt11 and MON 810 (expressing the Cry1Ab protein), TC1507 (expressing Cry1F protein), and MON 89034 (expressing Cry1A.105 and Cry2Ab2 proteins). 13 These technologies have been shown to be an effective and environmentally friendly insect management tool to mitigate D. saccharalis damage to maize plants. 14, 15 Under these circumstances, the use of maize plants expressing Bt proteins to manage the damage caused by D. saccharalis has been well accepted by growers in Argentina. The evolution of resistance to Bt proteins in insect populations through the selection of insects carrying resistance alleles has been identified as the main threat to the sustained use of these technologies. 17, 18 The deployment of genetically modified plants expressing one or more Bt proteins at a dose high enough to kill most of the insects heterozygous for the resistance allele (i.e., functionally recessive resistance) in combination with the implementation of a structured refuge area formed by non-Bt plants 19, 20 has been shown to be an effective approach for managing insect resistance. 21 Nevertheless, field-evolved resistance to Bt crops has been documented in Busseola fusca (Fuller) resistant to Cry1Ab maize in South Africa, 22 in Spodoptera frugiperda (J.E. Smith) resistant to Cry1F maize in Puerto Rico and Brazil and to Cry1Ab in Brazil, [23] [24] [25] in Pectinophora gossypiella (Saunders) resistant to Cry1Ac cotton in India, 26 and in Diabrotica virgifera virgifera LeConte resistant to Cry3Bb1 maize in the USA. 27 Furthermore, cross-resistance among current commercially available Cry1 proteins was documented in S. frugiperda 28 and Helicoverpa zea (Boddie). 29 In Argentina, unexpected damage caused by D. saccharalis to maize plants expressing Bt proteins (Cry1F, Cry1A.105 and Cry2Ab2) was detected in San Luis Province, 30 a semiarid region where intensive agriculture and maize production are relatively recent as a consequence of the adoption of center-pivot irrigation. In response, a comprehensive resistance mitigation plan was implemented. In this paper, we demonstrate that the unexpected damage in San Luis reflected resistance to Cry1F and Cry1A.105 and characterize that resistance, and describe the mitigation plan implemented in this region.
MATERIALS AND METHODS

Insect rearing and field collections
Two field populations of D. saccharalis were sampled from different regions across the traditional maize production area in the Province of San Luis, Argentina ( Fig. 1A ) and maintained at AgIdea S.A. Laboratory (Pergamino, Buenos Aires Province) on non-Bt maize material for five generations, was used as a reference in bioassays. Approximately 300 larvae were collected in each sampling area and kept on plant material. Adults were maintained in oviposition cages. To maintain selection pressure, larvae from the RR population were fed with fresh MON 89034 × MON 88017 maize leaf tissue while insects from the SS and VM populations were reared on fresh non-Bt maize leaf tissue. Colonies of the field populations (VM and RR) were reared for at least two generations in the laboratory until bioassays were carried out.
Characterization of resistance in D. saccharalis
The efficacy of Bt maize in controlling larvae of the field-collected populations was evaluated first in leaf disc bioassays. Plants of commercially available Bt maize products (TC1507, MON 89034 × MON 88017 and MON 810) and non-Bt maize checks were grown in an open field plot. The youngest completely expanded leaf was individually removed from plants of each type when they reached phenological stages V5 and/or VT. After leaf removal, the expression of the Bt proteins was confirmed using QuickStix for Cry1A and Cry2A (Envirologix Inc., Portland, ME, USA). Leaf discs 1.5 cm in diameter were cut using a hole punch and placed on a mixture of water-agar at 2.0% (1.5 mL cell -1 ) in 128-well bioassay trays (BIO-BA-128; CD International, Pitman, NJ, USA). The experimental design was completely randomized with four replicates per Bt maize technology (32 neonates per replicate) for each of the tested phenological stages of maize (V5 and VT). Trays were incubated in an environmental chamber maintained at 26 ± 1 ∘ C, 70% relative humidity (RH), and a 14 h: 10 h (light:dark) photoperiod. Larval mortality and instar of survivors were recorded at 4 days after infestation. Any replicate in which control (non-Bt) mortality exceeded 20% was discarded. Data were transformed prior to statistical analysis to meet the assumption of normality. Mortality data obtained from laboratory bioassays (x) were transformed into (arcsin √ x)and then compared by analysis of variance (ANOVA) using INFOSTAT statistical software. 31 To characterize the level of resistance, larvae from the RR, VM, and SS populations were used in diet-incorporation bioassays with eight to nine concentrations of Cry1A.105 (0.1-320 μg mL −1 diet) or Cry2Ab2 (0.175-180 μg mL −1 diet). Purified Cry1A.105 protein was provided by Monsanto Argentina at a concentration of ≈0.96 mg mL −1 active Cry1A.105 and stored in a freezer at −80 ± 5 ∘ C. After thawing, the Cry1A.105 protein was diluted in buffer consisting of 25 mM CAPS (3-cyclohexylaminopropanesulfonic acid), pH ≈ 10.3, 1 mM benzamidine-HCL, 0.1 mM EDTA (ethylenediaminetetraacetic acid), and 0.2 mM DTT (dithiothreitol). Corn leaf powder containing 7 mg g −1 Cry2Ab2 was diluted in high-performance liquid chromatography (HPLC) water and used in the bioassays. These protein solutions were incorporated into artificial diet (Sugarcane Borer diet; Southland Products Inc., Lake Village, AR, USA), when the diet temperature wileyonlinelibrary.com/journal/ps reached 55 ∘ C. A 1.5-mL aliquot of diet containing the protein was poured into each well of 128-well trays (BIO-BA-128; CD International). Trays were sealed with self-adhesive plastic sheets (BIO-CV-16; CD International) that allowed gas exchange with the external environment and then placed in an environmental chamber maintained at 26 ± 1 ∘ C, 70% RH, with a 14 h: 10 h (light:dark) photoperiod. The experimental design was completely randomized, with four replicates per concentration and 32 larvae per replicate at each concentration. Larval mortality and instar of survivors were recorded 7 days after infestation. Concentration-mortality data were analyzed by probit analysis to estimate the concentration that either kills or prevents 50% of larvae from molting to second instar (MIC 50 ) and the respective 95% confidence interval (CI) using JMP 9 Version 10 software. 32 To assess the inheritance of the resistance trait, strains with the proper genetic background were developed through the mass cross of females from the RR population with males from the SS population and vice versa, generating two heterozygous (S♂R♀ and S♀R♂) strains. Larvae from these strains, along with RR and SS, were used in diet-incorporation bioassays with a diagnostic concentration of Cry1A.105 protein (20 μg mL −1 diet) based on the MIC 95 determined for the SS strain. Bioassays and data analysis were generally performed as described above. The experimental design was completely randomized, with 10 replicates and 32 larvae per replicate. Larval mortality and instar of survivors were recorded 7 days after infestation. In addition, offspring of each cross was tested on leaf disc bioassays using leaf material from MON 89034 × MON 88017 and non-Bt maize. The youngest completely expanded leaf was individually removed from plants of each material when they reached phenological stages V8 to V10, and leaf disc assays were performed as described above. The experimental design was completely randomized with four replicates per Bt maize technology (16 neonates per replicate).
Larval mortality and instar of survivors was recorded at 4 days after infestation. Data were transformed prior to statistical analysis to meet the assumption of normality. Mortality data obtained from laboratory bioassays (x) were transformed into (arcsin √ x) andvariables were then compared by ANOVA using INFOSTAT statistical software. 31 
Field performance of MON 89034 × MON 88017
In the 2012/2013 crop season, in response to the report of unexpected damage on MON 89034 × MON 88017 maize plants in the northeast region of San Luis Province in Argentina, a scouting program was put in place to identify any spatial pattern associated with the occurrence and severity of damage. To cover the maize cropping area in that region, maize fields were chosen at random from 100 km southward and 50 km eastward of the reported case near La Candelaria in San Luis Province, Argentina ( wileyonlinelibrary.com/journal/ps To test for statistical differences between treatments, the proportion of damaged plants (p) in each treatment was arcsine transformed to (arcsin √ p)and pairwise comparison of treatments made using ANOVA (specifically, using the lm function in R followed by the glht function from the R package multcomp). 33 
RESULTS AND DISCUSSION
Characterization of resistance in D. saccharalis
The mortality of the field-derived RR strain of D. saccharalis was significantly lower than that of the field-derived population from non-Bt maize (VM) and the susceptible laboratory reference strain (SS) when exposed to leaf tissue of TC1507 (expressing the Cry1F protein) and MON 89034 × MON 88017 (expressing the Cry1A.105 and Cry2Ab2 proteins) at the V5 and VT plant growth stages (P < 0.05) ( Table 2 ). No significant difference was detected between the mortality of the RR strain on TC1507 and MON 89034 × MON 88017 leaf tissue collected at the V5 stage; however, mortality of the RR strain was significantly lower on TC1507 leaf tissue relative to the response on MON 89034 × MON 88017 tissue when both were collected at the VT stage (P < 0.05) ( Table 2 ). The mortality of the field-derived RR strain was significantly higher on MON 810 leaf tissue (expressing the Cry1Ab protein) than on TC1507 or MON 89034 × MON 88017, all collected at VT (P < 0.05) ( Table 2) .
The difference in survivorship of the RR strain on MON 89034 × MON 88017 leaf tissue relative to the SS strain was characterized using diet-incorporation bioassays with Cry1A.105 and Cry2Ab2 proteins. The results showed a high level of resistance of the RR strain to the Cry1A.105 protein relative to the SS strain (186.74-fold; Table 3 ). No relevant resistance (1.51-fold) was observed in the RR strain to Cry2Ab2 relative to the SS strain ( Table 3 ). The lower level of susceptibility of the SS strain to Cry2Ab2 relative to the field-derived susceptible VM strain may indicate greater vigor of the SS strain under laboratory conditions wileyonlinelibrary.com/journal/ps Table 2 ). Based on the gene sequences, the overall amino acid sequence identity between Cry1A.105 and Cry1F is 90.0%, which would explain cross-resistance between Cry1F and Cry1A.105. 34 The potential for cross-resistance between Cry1Ab/Ac, Cry1A.105 and Cry1F proteins in Lepidoptera through the alteration of shared binding sites was demonstrated by Hernández-Rodríguez et al. 35 However, the bioassays in the present study indicated little or no cross-resistance between Cry1F and Cry1Ab as expressed in the corn events TC1507 and MON 810, respectively (Table 2) . Results obtained with Spodoptera frugiperda, 28 Helicoverpa zea, 29 Ostrinia nubilalis 35 and Ostrinia furnacalis 36 showed that moderate levels of cross-resistance among Cry1F, Cry1A.105, and Cry1Ab are likely to be present. Cry2Ab2 has a distinct mode of action from that of Cry1F and Cry1A proteins 37 and therefore cross-resistance between Cry2Ab2 and Cry1F or Cry1A is unlikely. 28, 29, 35, 37, 38, 39 The RR strain was used in reciprocal crosses with the SS strain to generate two heterozygous strains (S♂R♀ and S♀R♂). In the leaf disc test, mortality of the RR strain was moderate when fed on MON 89034 × MON 88017 plants relative to non-Bt plants (Table 4) . The other D. saccharalis strains tested (SS, S♂R♀ and S♀R♂) had complete to almost complete mortality on MON 89034 × MON 88017 leaf tissue, indicating that the resistance trait in the RR strain is likely to be functionally recessive and autosomal (not sex linked) ( Table 4) . MON 89034 × MON 88017 expresses the Cry1A.105 and Cry2Ab2 proteins and is commercially available in Argentina. The fact that the resistance trait in the RR strain is likely to be functionally recessive to the commercial product supports the importance of refuges to manage resistance in D. saccharalis to Bt pyramids expressing the Cry1A.105 and Cry2Ab2 proteins in Argentina. All four strains tested (SS, S♂R♀, S♀R♂ and RR) showed high survival rates (>80%) on non-Bt maize leaf tissue. The affected area is an isolated region surrounded by mountain ranges to the southeast (Sierras de San Luis), east and northeast (Sierras de Córdoba or de Comechingones), and west (Sierras Occidentales). It has a hot semi-arid climate with dry, mild winters, dry, hot summers, a long frost-free period, a high evapotranspiration rate, and woody shrubs as the native flora. Therefore, it has not been part of the main agricultural area of Argentina. Agriculture wileyonlinelibrary.com/journal/ps became a relevant economic activity in the region after 2005 when pivot irrigation was implemented. Based on interviews with farmers and reviews of their planting records, since the introduction of pivot irrigation, the main crops planted in the Red Zone have been maize, soybean and wheat which together represent approximately 75% of the production, followed by potato, cotton and sorghum. In the case of maize, farmers rapidly adopted Bt hybrids for the control of D. saccharalis and, when new events for the control of S. frugiperda (the main lepidopteran pest in the area) were available in 2008, there was a rapid switch of Bt technologies towards TC1507 and later also MON 89034 × MON 88017, which enabled higher yields for early and late planting dates. The farmers' records show that practically no refuge was implemented for Bt maize during that entire period. According to these records, TC1507 was introduced with 5% of the maize area in the 2008/2009 season (95% was Cry1Ab-expressing technologies), increasing to 29% of the area in the following season, and reaching 52-53% in 2010/2011 and 2011/2012 as an average in the whole Red Zone. However, in the area around La Candelaria (the epicenter of the resistance problem), the adoption of the single event expressing Cry1F reached almost 90%. In 2011, MON 89034 × MON 88017 was introduced with 8% of the maize area in the region, increasing to 15% in the 2012/2013 season when resistance was reported (data provided by Consorcio Regional de Experimentación Agrí-cola -CREA-of the region Traslasierra). Therefore, the observed resistance likely arose as Cry1F resistance (which also conferred cross-resistance to Cry1A.105) and the primary cause of the resistance evolution was inadequate refuge compliance. A resistance mitigation plan was implemented in the affected area in parallel with studies to characterize resistance. Given that several Bt corn technologies were impacted, the mitigation plan was developed in a joint effort among companies in the Argentina Seed Association (ASA) and promptly communicated to the relevant governmental agencies. Control of volunteer maize plants and weeds capable of hosting D. saccharalis (e.g. Johnsongrass) was recommended as an additional measure to reduce pest pressure. As another component of the resistance mitigation plan, a robust effort to train and educate growers on pest management was initiated in San Luis Province. Growers receive information and training on the requirement to implement structured refuges (i.e. 10% of the total maize planting area to be planted with non-Bt maize), the best practices to scout their fields and identify unexpected damage on MON 89034 × MON 88017 plants and on other D. saccharalis host crops (e.g. wheat and sorghum), and the proper way to spray insecticides if necessary. Additionally, the National Seed Institute (INASE) issued a Resolution to prevent maize seed production in the area (Res. INASE N ∘ 328/2013). In the "Yellow Zone", the actions consisted of monitoring for damage on all Bt maize products to determine the spread of resistance into the region as well as enhanced training and monitoring of growers regarding refuge implementation. Approximately 20 000 ha of maize were covered in the first year of the mitigation plan. In the rest of the country, a Communication Program was launched by ASA to educate growers on best management practices (BMPs) applicable to Bt maize and raise awareness of refuge recommendations. In addition to these measures, in the second year of the mitigation plan, given the yield loss caused by the high pressure of S. frugiperda in the previous season, a compromise was established with farmers to wileyonlinelibrary.com/journal/ps (Table 7 ; Fig. 2) .
Field performance of MON 89034 × MON 88017 and mitigation plans
On a regional scale, the adoption of effective refuge by farmers in the region was assessed through a growers' survey. The survey results indicated an increase from practically 0% of growers implementing refuges before the incident to 75% and 87% adoption in the "Red Zone" in the 2013/2014 and 2014/2015 seasons, respectively.
At the country level, annual systematic monitoring of unexpected damage caused by D. saccharalis to MON 89034 × MON 88017 which is supported by Monsanto Argentina shows that, to date, the resistant biotype has been confined to the originally affected region in the northeast part of San Luis Province. This positive scenario is primarily the result of the mitigation actions implemented by the seed/biotechnology industry and the farmers in the region, along with governmental measures such as the Resolution mentioned above. Although MON 89034 × MON 88017 continues to bring value to corn growers, it is important to monitor the performance of current Bt technologies outside of the affected region and implement actions to mitigate resistance in D. saccharalis if detected. In addition, the design, development, and release of a next generation of effective Bt maize pyramids combining highly effective and novel mechanisms of action is central to an effective insect resistance management (IRM) strategy in Argentina. Furthermore, understanding and aligning on IRM imperatives (e.g. ensuring refuge seed supply) across the seed industry is fundamental to the effective IRM implementation for Bt crops.
